HIF-1α is a transcriptional regulator that functions in the adaptation of cells to hypoxic conditions; it strongly impacts the prognosis of patients with cancer. High-dose, intravenous, pharmacological ascorbate (P-AscH − ), induces cytotoxicity and oxidative stress selectively in cancer cells by acting as a pro-drug for the delivery of hydrogen peroxide (H 2 O 2 ); early clinical data suggest improved survival and inhibition of metastasis in patients being actively treated with P-AscH − . Previous studies have demonstrated that activation of HIF-1α is necessary for P-AscH − sensitivity. We hypothesized that pancreatic cancer (PDAC) progression and metastasis could be be targeted by P-AscH − via H 2 O 2 -mediated inhibition of HIF-1α stabilization. Our study demonstrates an oxygen-and prolyl hydroxylase-independent regulation of HIF-1α by P-AscH − . Additionally, P-AscH − decreased VEGF secretion in a dose-dependent manner that was reversible with catalase, consistent with an H 2 O 2 -mediated mechanism. Pharmacological and genetic manipulations of HIF-1α did not alter P-AscH − -induced cytotoxicity. In vivo, P-AscH − inhibited tumor growth and VEGF expression. We conclude that P-AscH − suppresses the levels of HIF-1α protein in hypoxic conditions through a post-translational mechanism. These findings suggest potential new therapies specifically designed to inhibit the mechanisms that drive metastases as a part of PDAC treatment.
Introduction
The cellular response to hypoxia is primarily mediated by hypoxia-inducible transcription factors (HIF-1, 2, and 3), of which the HIF-1 isoform is well established to correlate with pancreatic cancer (PDAC) metastasis and prognosis [1] [2] [3] [4] [5] [6] while the relationship with the other isoforms is inconclusive [7] [8] [9] . HIF-1 is active in its heterodimeric form, made up of HIF-1α and HIF-1ß subunits. HIF-1ß is a ubiquitously expressed nuclear protein, which binds to the HIF-1α subunit. The cytoplasmic HIF-1α subunit accumulates in hypoxia, translocating to the nucleus to dimerize with the HIF-1ß subunit. The dimer then subsequently binds to Hypoxia Response Elements (HREs) that are responsible for the transcription of hundreds of genes involved in metabolism, angiogenic signaling, vasomotor regulation, matrix and barrier function, growth, apoptosis, and many other functions [10] . The angiogenic signaling pathways, including vascular endothelial growth factor (VEGF), have been the focus of various targeted therapies [11] . HIF-1α has two specific oxygen-dependent degradation domains that are targeted for hydroxylation by the 2-oxoglutarate-dependent prolyl hydroxylase (primarily PHD-2) under normoxic conditions, which is the primary mode of regulation of HIF-1α. Hydroxylated proline residues on HIF-1α have increased affinity for the von Hippel-Lindauubiquitin ligase complex, leading to the proteolysis of HIF-1α (3) . Low levels of hydrogen peroxide (H 2 O 2 ) stimulate HIF-1α protein accumulation while high levels inhibit HIF-1α accumulation [12] .
While non-cancerous cells adapt to prolonged hypoxia via this signaling cascade, tumors create an aberrant, locally hypoxic environment due to loss of contact inhibition, outgrowth of vasculature, and increased oxidative phosphorylation. Pancreatic adenocarcinoma (PDAC) tumors expressing high levels of HIF-1α demonstrate poor overall survival, advanced tumor stage at diagnosis, increased micro-vessel density, and increased lymph node metastasis [13] . Recently, it has also been shown that the metabolic re-programming of HIF-1α upregulation makes metastatic cancer cells suited to particular metastatic sites [14] .
Clinical data show that when ascorbate (vitamin C, ascorbic acid) is given orally, fasting plasma concentrations are tightly controlled at < 100 µM [15, 16] . In contrast, when ascorbate is administered intravenously, plasma concentrations as high as 1-30 mM are safely achieved with few side effects [17] . Thus, it is clear that intravenous administration of ascorbate can yield very high plasma levels, while oral treatment does not. When ascorbate is infused intravenously the resulting pharmacologic concentration distributes rapidly into the extracellular water space, generating ascorbate radical and H 2 O 2 [18] . P-AscH − administered intravenously is proposed to serve as a pro-drug for delivery of H 2 O 2 preferentially to tumor cells [19] . Recently, Tian and colleagues demonstrated that activation of HIF triggers a Warburg effect that renders cancer cells more sensitive to P-AscH − . In their study, down regulation of HIF-1α induced resistance to P-AscH − , while overexpression of constitutively active HIF subunits enhanced P-AscH − toxicity [20] .
In our current study, we demonstrate that P-AscH − is cytotoxic to cancer cells in hypoxia, and that this cytotoxicity correlates with increased degradation of HIF-1α, which results in decreased expression of VEGF. These processes occur in a H 2 O 2 -dependent manner. We also show that, with manipulation of HIF-1α, both pharmacologically and through genome editing, these cancer cells remain sensitive to P-AscH − . In vivo, P-AscH − induced a decrease in VEGF expression that was accompanied by a reduction in the rate of tumor growth.
Materials and methods

Cell culture
Human PDAC cell lines MIA PaCa-2 and PANC-1 were purchased from the American Type Culture Collection (Manassas, VA, USA) and passaged for fewer than 6 months after receipt. MIA PaCa-2 and PANC-1 cells were maintained in Dulbecco's modified Eagle media (DMEM) supplemented with 10% fetal bovine serum (FBS). All cells were maintained in a humidified atmosphere of 95% air/5% CO 2 at 37 °C. Also, patient-derived PDAC cell line, 339, from the Medical College of Wisconsin surgical oncology tissue bank [21, 22] were cultured in Dulbecco's Modified Eagle's Media Nutrient Mixture F-12 supplemented with 5% FBS, penicillin/streptomycin, human recombinant EGF, bovine pituitary extract, hydrocortisone, and human recombinant insulin.
Reagents
Hypoxia inducible factor-1α inhibitor (CAS 934593-90-5) was purchased from Santa Cruz Biotechnology. MG-132 (CAS 133407-82-6) and cycloheximide (CAS 66-81-9) were purchased from EMD Millipore. L-Ascorbic acid was purchased from Macron Chemicals (Center Valley, PA). A stock solution of ascorbate (pH 7.0) was made under argon and stored in screw-top sealed test tubes at 4 °C. Ascorbate concentration was verified using, ε 265 = 14,500 M −1 cm −123 . The solution can be kept for several weeks without significant oxidation due to the lack of oxygen [23] . Intracellular ATP was measured using ENLITEN ATP assay system bioluminescence detection kit from Promega (Madison, WI).
Catalase treatment and adenovirus transfection
To determine whether H 2 O 2 was responsible for the cytotoxic effects of ascorbate and radiation, cells were treated with various forms of catalase including adenovirus catalase (AdCat) or bovine catalase (100 U/mL). Catalase was purchased from Sigma-Aldrich (St. Louis, MO). The AdCat construct used was a replication-defective, E1-and partial E3 deleted recombinant adenovirus [24] . Inserted into the E1 region of the adenovirus genome is the human catalase gene, which is driven by a cytomegalovirus promoter. For the adenovirus experiments approximately 10 6 cells were plated in 10 mL of complete media in a 100 mm 2 tissue culture dish and allowed to attach for 24 h. Cells were then washed 3 times in serum-and antibiotic-free media. The adenovirus constructs were applied to cells in 4 mL of serum-and antibiotic-free media. Control cells were treated with the GFP adenovirus (AdGFP) construct. Cells were incubated with the adenovirus constructs for 12 h. Media was replaced with 4 mL of complete media for an additional 24 h before cells were harvested for Western blot or treated for clonogenic assay. In order to demonstrate sensitivity to P-AscH − in cells over-expressing HIF-1a, cells were transfected in the same manner to those described above with HIF-1α adenovirus construct.
Clonogenic survival assays
Clonogenic survival assays were performed as previously described [18] . Briefly, P-AscH − treatments were performed for 1 h in DMEM and 10% fetal bovine serum (FBS) at 37 °C and 4% O 2 , 24 h after initial seeding in 60 mm dishes. Cells were then trypsinized, counted, and seeded into 6-well plates at 300 cell well −1 with 4.0 mL growth media. The dishes were maintained in a 37 °C, 4% O 2 , for 10-14 days to allow colony formation. The colonies were then fixed with 70% ethanol, stained with Coomassie™ Blue (10% acetic acid, 50% methanol and 0.1% Coomassie Blue G-250) and counted (colonies containing > 50 cells were scored). Plating efficiency was determined by the formula: (number of colonies formed/number of cells inoculated) × 100.
Immunoblot analysis
Protein (15-100 µg) was electrophoresed in a 4-20% BioRad ready gel then electrotransferred to an Immobilon PVDF membrane (EMD Millipore, Billerica, MA). Membranes were blocked in 5% nonfat milk for 1 h, then treated with anti-HIF-1α antibody (1:1000; Abcam, Cambridge, MA) or with anti-catalase antibody (1:5000; Cell Signaling Technology, Danvers, MA). Horseradish peroxidaseconjugated goat anti-rabbit or goat anti-mouse (1:50,000; Chemicon International, Temecula, CA) was used as a secondary antibody. Anti-GAPDH (1:10,000; EMD Millipore, Billerica, MA) was used as a loading control, followed by secondary antibodies conjugated to horseradish peroxidase (1:25,000, Millipore). Blots were treated with SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific, Rockford, IL) and exposed to autoradiography film. CoCl 2 , which blocks the active site of PHD-2, [25, 26] was used as a positive control in all western blots for HIF-1α. All Western blots were performed in triplicate.
CRISPR/Cas9 system
The CRISPR/Cas9 genome engineering system was utilized to create targeted disruption of human HIF-1a in MIA PaCa-2 cells. A pD1431-APuro Nickase expression vector containing Cas9 endonuclease, EF1 alpha promoter, and tandem chimeric gRNAs designed to target HIF-1a [GAA ACC ACC TAT GAC CTG CT and TGT CAT TGG TTG GAG TCA CA] was custom synthesized by DNA2.0 (Menlo Park, CA). Cells were transiently transfected in the absence of antibiotics or serum with Lipofectamine 3000 (Invitrogen, Carlsbad, CA) and 5 µg plasmid DNA for 48 h. Single cell clones were harvested after selection with 1.5 µg mL −1 puromycin for 3 days. Genomic DNA was isolated from clones displaying HIF1a disruption (based on decreased or absent protein expression on western blot analysis) utilizing QuickExtract™ DNA extraction solution 1.0 (Epicentre, Madison, WI) as per manufacturer instructions. A 700 bp area encompassing the gRNAs targeting sites was PCR-amplified; PCR fragments of the appropriate size were excised and purified with the PureLink Quick Gel Extraction kit (Invitrogen, Carlsbad, CA). DNA sequencing analysis of PCR fragments was performed by the Genomics Division at The University of Iowa.
In vivo studies
All protocols were reviewed and approved by the Animal Care and Use Committee of The University of Iowa (Iowa City, IA). MIA PaCa-2 or PANC-1 human PDAC cells (2 × 10 6 ) were delivered subcutaneously into the flank region of nude mice with a 1 mL tuberculin syringe equipped with a 25-gauge needle. The tumors were allowed to grow until they reached between 3 and 4 mm in greatest dimension (2 weeks), at which time the mice were randomized and treatment was initiated. Mice were then treated with saline [1 M NaCl intraperitoneal (i.p.) daily] or P-AscH − (4 g kg −1 day −1 i.p.). Tumor size was measured twice a week using a digital caliper, and tumor volume was estimated according to the following formula:
, where L is the greatest dimension of the tumor, and W is the dimension of the tumor in the perpendicular direction [27] . Animals were euthanized when the tumors reached a predetermined size of 1000 mm 3 .
VEGFmeasurements
Relative amounts of secreted VEGF expressed were determined using a commercially available ELISA assay (R & D Systems, Minneapolis, MN). The VEGF165 isoform levels were quantified in the conditioned medium in accordance with the manufacturer's protocol and measured spectrophotometrically at 450 nm with wavelength correction measured at 540 nm. Formalin fixed paraffin embedded tissues were routinely stained with HE and immunohistochemistry was also performed for VEGF. Antigen unmasking of all paraffin sections was performed (citrate buffer, pH 6) in a decloaker. Endogenous peroxidase activity was quenched with 3% hydrogen peroxide and 1.5% horse serum was used to block non-specific staining. Sections were incubated with polyclonal rabbit anti-VEGF (Abcam ab46154) at 1:500 for 1 h. Slides were then incubated with the appropriate secondary antibody and detection reagent (DAKO Rabbit Envision HRP System reagent for 30 min). Slides were then developed with DAKO DAB plus for 5 min followed by DAB Enhancer for 3 min before being counterstained with hematoxylin. VEGF stained slides were evaluated in a blinded manner by a board-certified veterinary pathologist and graded using a semi-quantitative scoring system on a 0-3 scale. No immunostaining is given a 0; 1 = light, multifocal immunostaining; 2 = moderate, multifocal to coalescing immunostaining; 3 = dark, abundant coalescing to diffuse immunostaining. Twenty separate fields of view per slide were evaluated using the scale above and analyzed using an unpaired T test.
Statistical analysis
A one-way ANOVA followed by Tukey's post-hoc test was used to determine statistical differences between means for multiple comparisons, or a student's t-test was used when only two comparisons. All means were calculated from three or more experiments, with error bars representing the standard error of the mean (SEM). All Western blots were repeated at least twice. For the in vivo studies, the statistical analyses focused on the effects of different treatments on tumor progression. The primary outcome of interest was tumor growth over time. Linear mixed effects regression models were used to estimate and compare group-specific tumor growth curves. Tests of statistical significance were two-sided and performed using the GraphPad Prism (La Jolla, CA) software.
Results
P-AscH − inhibits pancreatic cancer cell growth in hypoxia
To determine the effect of P-AscH − on PDAC cell growth in hypoxia in vitro, MIA PaCa-2 and PANC-1 cells were treated with P-AscH − (2-10 mM) for 1 h in 4% O 2 and subsequently grown in 4% O 2 . Increasing concentrations of P-AscH − led to significant inhibition of cell growth. Note that figures display P-AscH − dose in both molarity and on a mole cell − 1 basis. Recent studies have demonstrated that specifying the dose of xenobiotics, including P-AscH − , on a "mole per cell" basis results in improved correlations with toxicity markers as well as greater information content in experimental data [28, 29] . The doubling time of MIA PaCa-2 cells treated with P-AscH − was 59 ± 5 h versus 43 ± 0.2 h (means ± SEM, n = 3, p < 0.05) for controls when treated with the ED 50 dose, 7 mM (7 pmol cell − 1 ) (Fig. 1a) .
A similar pattern was seen in PANC-1 cells where doubling time increased to 77 ± 8 h from 37 ± 2 h (means ± SEM, n = 3, p < 0.01, ED 50 dose 20 mM, 20 pmol cell −1 ) (Fig. 1b) . Likewise, clonogenic survival decreased in a dose-dependent manner in MIA PaCa-2 ( Fig. 1c) PANC-1 (Fig. 1d) , and 339 cells (Fig. 1e ) treated with P-AscH − (2-10 mM). The presence of normoxia (i.e. 20% oxygen in cell culture) or varying degrees of hypoxia did not alter P-AscH − -induced cytotoxicity. As seen in Fig. 1f , there were no differences in the toxicity to cells when treated P-AscH − (7 pmol/cell, 7 mM) at 20, 4, or 1%, O 2 . As seen in normoxia [18] , the decrease in clonogenic survival from P-AscH − in 1% O 2 was reversed with addition of catalase (100 U/mL) to the media suggesting that H 2 O 2 mediates ascorbate-induced cytotoxicity in hypoxia (Fig. 1g) . Importantly, pre-incubation (conditioning) in hypoxia to overexpress HIF-1α conferred no increased resistance to P-AscH − relative to unconditioned controls (Fig. 1h) .
P-AscH − -induced suppression of HIF-1α protein and VEGF secretion correlate with decreased clonogenic survival
We hypothesized that alteration of the cellular redox environment associated with P-AscH − may lead to inhibition of HIF-1α signaling. As seen in Fig. 2a , Western blot analyses in MIA PaCa-2, PANC-1, and the patient-derived cell line, 339, demonstrated that 4% O 2 induced HIF-1α immunoreactive protein when compared to 20% O 2 . Most importantly, there was a dose-dependent decrease in HIF-1α immunoreactive protein in MIA PaCa-2, PANC-1, and 339, human PDAC cells treated with P-AscH − (2-10 mM) (Fig. 2a) , which was quantified by densitometric analysis in Fig. 2b .
Angiogenesis is a key step that supports tumor growth and may also provide a route for cells to metastasize [30] . VEGF is a potent angiogenic stimulant [31] , and a mitogenic cytokine, that is secreted outside the cells to stimulate the proliferation of endothelial cells [32] . Exposure to hypoxia stimulates the production of VEGF mainly through the induction of the transcription factor HIF-1α [33] . Because P-AscH − suppressed hypoxic accumulation of HIF-1α protein, we hypothesized that P-AscH − would also modulate VEGF. VEGF secreted into the media was measured 24 h after treatment with P-AscH − (2-10 mM) in hypoxia. As seen with P-AscH − -induced decreases in HIF-1α, VEGF secretion decreased in a dose-dependent manner (Fig. 2c) , which correlated with decreasing HIF-1α expression. Taken together, these results suggest a strong correlation between HIF-1α expression, VEGF secretion, and clonogenic survival, in cells treated with P-AscH − as demonstrated in Fig. 2d , e.
Our data demonstrate that P-AscH − suppresses HIF-1α stabilization within hours of treatment. The modulation of ) significantly increased doubling time in PANC-1 cancer cell lines (n = 6, p < 0.05). c Clonogenic survival was decreased in a dose-dependent fashion in MIA-PaCa-2 cells treated and subsequently grown in 4% O 2 (n = 3, *p < 0.01 vs. control). d Clonogenic survival was decreased in a dose-dependent fashion in PANC-1 cells treated and subsequently grown in 4% O 2 (n = 3, *p < 0.01 vs. control). e Clonogenic survival was decreased in a dosedependent fashion in 339 cells treated and subsequently grown in 4% O 2 (n = 4, *p < 0.01 vs. control). f P-AscH − -induced decreases in clonogenic survival were similar in hypoxic environments (7 pmol/cell, 7 mM P-AscH − , means ± SEM, n = 3, *p < 0.05 vs. control). g Catalase reverses P-AscH − -induced cytotoxicity in 1% O 2 (7 pmol/cell, 7 mM P-AscH − , means ± SEM, n = 3, *p < 0.05 vs. control). h Clonogenic survival of P-AscH − treated cells pre-conditioned to hypoxia by 16-h incubation in 4% O 2 compared to unconditioned cells and cells treated in 20% O 2 . Cells conditioned to hypoxia were significantly sensitive to P-AscH − (7 pmol/cell, 7 mM P-AscH − , n = 3, p < 0.01), however, pre-conditioning to hypoxia yielded no significant resistance to P-AscH − relative to unconditioned controls, or cells treated in 20% O 2 Fig. 2 are simply reflecting the acute toxic effects of P-AscH − , we measured intracellular ATP as an indication of metabolic activity after ascorbate treatment (1.8 mM, 5.6 pmol cell − 1 ). Intracellular ATP levels remain stable 24 h after P-AscH − treatment in PDAC cells. Thus, P-AscH − -induced inhibition of HIF-1α is not due to overwhelming cell death (Supplementary Fig. 1 ).
Suppression of HIF-1α,VEGF, and clonogenic survival is mediated by P-AscH − -induced H 2 O 2 generation P-AscH − will increase extracellular H 2 O 2 , which is transported across the plasma membrane into cancer cells [18, 29, 34] . To determine whether the P-AscH − -induced HIF-1α suppression, VEGF suppression, and decreased clonogenic survival in hypoxia were due to H 2 O 2 , cells were co-treated with catalase (100 U/mL in the culture medium) or transfected with either a control adenoviral vector, AdGFP (50 MOI), or the adenoviral vector containing the catalase gene, AdCat (50 MOI), to increase intracellular catalase activity. Catalase supplemented in the media (Fig. 3a) reversed the P-AscH − -induced (2 mM, 5.4 pmol cell −1 ) inhibition of HIF-1α. Intracellular catalase overexpression with the AdCat vector alone decreased HIF-1α protein (Fig. 3b) . However, the AdCat vector also reversed the P-AscH − -induced (2 mM, 5.4 pmole cell −1 ) inhibition of HIF-1α. To further substantiate the importance of the reduced form of vitamin C (ascorbate) in establishing the need for a flux of H 2 O 2 to suppress HIF-1α, cells were treated with the two-electron oxidized form of vitamin C (dehydroascorbic acid, DHA). DHA did not suppress HIF-1α in hypoxia (Supplemental Fig. 2 ). DHA can be taken up by cells, reduced to ascorbate and then participate in the cellular activities as vitamin C. However, it will not be reduced in the extracellular space of the cell culture medium and thus will not generate a flux of H 2 O 2 . Inclusion of catalase in the media also reversed the P-AscH − -induced suppression of VEGF secretion (Fig. 3c) . Lastly, the P-AscH − -induced decrease in clonogenic survival was reversed with transfection with the AdCat vector in MIA PaCa-2 ( Fig. 3d) and PANC-1 cells (Fig. 3e) . These results suggest that HIF-1α and VEGF suppression, along with decreased clonogenic survival by P-AscH − -treatment, are due to a mechanism involving increased levels of H 2 O 2 and not the chemistry or biochemistry of DHA.
P-AscH − increases the rate of HIF-1α protein degradation
To further investigate the mechanism of P-AscH − inhibition of HIF-1α expression, we tested whether the degradation of HIF-1α protein was affected by P-AscH − in the presence of cycloheximide, an inhibitor of protein translation. MIA PaCa-2 cells were pre-incubated in hypoxia for 6 h to increase HIF-1α levels and then treated with cycloheximide with and without P-AscH − . In hypoxia, HIF-1α immunoreactive protein degraded more rapidly with P-AscH − treatment, as seen in the Western blot in Fig. 4a and demonstrated by densitometry in Fig. 4b . These results suggest that P-AscH − suppresses the levels of HIF-1α protein under hypoxic conditions through a posttranslational mechanism [35] . Next we examined whether P-AscH − could regulate HIF-1α protein synthesis. MIA PaCa-2 cells were treated with MG-132, a proteasome inhibitor, to interrupt HIF-1α proteasomal degradation. Cells were pre-incubated in hypoxia for 4 h to induce HIF-1α and MG-132 was added to cell culture medium. Protein was collected over a period of 3 h. In hypoxia, P-AscH − in the presence of MG-132, resulted in no changes in HIF-1α protein expression over 3 h, as seen in the Western blot in Fig. 4c and demonstrated by densitometric analysis in Fig. 4d , suggesting that inhibition of the proteasome prevents P-AscH − -mediated HIF-1α inhibition. Overall, these data suggest that P-AscH − decreases HIF-1α levels via degradation as opposed to decreased translation. Prolyl hydroxylase (PHD-2) regulates HIF-1α expression. PHD-2 is an iron-containing enzyme that hydroxylates HIF-1α at specific proline sites, ultimately marking it for degradation [12, 36] . To have activity, the iron moiety must be in its reduced form, and theoretically P-AscH − could recycle the iron, increasing PHD-2 activity. However, as shown in Fig. 4e , when cells were treated with P-AscH − in combination with cobalt chloride (CoCl 2 , an inhibitor of PHD-2), HIF-1α levels were still diminished, suggesting a mechanism independent of the role PHD-2 has in the degradation of HIF-1α.
Inhibition of HIF-1α has no effect on P-AscH − -induced cytotoxicity
Previous studies have demonstrated that cells absent HIF-1α are resistant to P-AscH − -induced toxicity [20] . To determine the role of HIF-1α in P-AscH − -toxicity, we used both pharmacological and genetic inhibition of HIF-1α. First, HIF-1α was inhibited in MIA PaCa-2 cells using the small molecule inhibitor sc-205346. As seen in Fig. 5a , Western blotting demonstrated a dose-dependent inhibition of HIF-1α immunoreactive protein with sc-205346, which was quantified using densitometry as demonstrated in Fig. 5b . However, chemical inhibition of HIF-1α did not reverse P-AscH − -induced decreases in clonogenic survival, Fig. 5c .
To genetically disrupt HIF-1α expression in pancreatic cancer cells, we employed the CRISPR/Cas9 genome editing system with dual gRNAs in a single vector. The CRISPR/ Cas9 system produces a chromosomal break in DNA resulting in insertions and/or deletions when the genomic site is repaired through non-homologous end joining. Utilizing tandem chimeric gRNAs in this process allows for increased specificity and minimal off-target effects. The CRISPR/Cas9 system utilized caused sufficient genetic disruption of HIF1α in MIA PaCa-2 cells resulting in the generation of three distinct clones (clone 1, 2, and 3).
Each clone displayed significant decreases in detectable immunoreactive HIF-1α protein, Fig. 5d . The clonogenic survival assay was performed utilizing the CRISPR/Cas9 HIF-1α knocked down clones. Consistent with the previous studies using the chemical inhibitor of HIF-1α, the data presented in Fig. 5e demonstrate that there are no significant differences in clonogenic survival when comparing the effect of P-AscH − (10 mM) on the parent cell line and the three HIF-1α knocked down clones. Thus, inhibition of or absence of HIF-1α does not concur resistance to P-AscH − -induced toxicity.
Overexpression of HIF-1α does not change P-AscH − -induced cytotoxicity
HIF-1α expression in PDAC is associated with increased micro-vessel density, advanced tumor stage, lymph node metastasis, and poor overall survival [37] . It is unclear whether HIF-1α overexpression confers resistance to ) clonogenic cell death was reversed with overexpression of intracellular catalase in PANC-1cells (means ± SEM, n = 3, *p < 0.05) P-AscH − . In order to investigate this, HIF-1α was overexpressed in MIA-PaCa-2 cells via chemical inhibitors and genetic manipulation. As seen in Fig. 6a, CoCl 2 , which inhibits prolyl hydroxylase-2, resulted in increases in HIF-1α protein. In addition, P-AscH − treatment resulted in a significant decrease in clonogenic survival that was not significantly different from non-CoCl 2 treated controls, Fig. 6b . Transfection with the AdHIF vector also increased HIF-1α protein at 100 MOI, Fig. 6c . Likewise, after transfection with 100 MOI AdHIF, P-AscH − treatment resulted in − treated mice compared to control mice. In MIA PaCa-2 tumor xenografts, there was a greater than fourfold decrease in growth when compared to controls at two weeks of treatment (Fig. 7a , n = 8, p < 0.05). In PANC-1 xenografts, there was a greater than twofold decrease in tumor growth compared to saline treated animals (Fig. 7b , n = 8, p < 0.05). Our in vitro data demonstrate that P-AscH − decreases HIF-1α expression and VEGF secretion. To determine if P-AscH − would alter VEGF in vivo, in separate groups of animals, tumors were excised to determine VEGF immunostaining after treatment with saline or P-AscH − . Immunohistochemistry analysis was determined using semi-quantitation by a comparative pathologist blinded to the treatment groups ( Supplementary Fig. 3 ). Semi-quantitation of immunohistochemistry demonstrated decreases in VEGF staining in mice treated with P-AscH − in both MIA PaCa-2 ( Fig. 7c ) and in PANC-1 (Fig. 7d) tumor xenografts.
Discussion
Multiple phase I trials have shown that P-AscH − is well tolerated with few adverse events and some suggestion of efficacy. Previous studies have demonstrated that P-AscH − has synergistic or additive effects with many radio-chemotherapy regimens in cancer cells, and radio-protective effects in normal cells [17, [38] [39] [40] [41] [42] . Our current study extends these observations to clearly demonstrate the efficacy of P-AscH − in the hypoxic environment of PDAC. Metastases are a major cause of cancer mortality; over 80% of PDACs are diagnosed after metastasis or vascular invasion have occurred [43] . Recent studies suggest that metastasis occurs very early in the development of PDAC [44] . Most importantly, we have demonstrated that P-AscH − -induced cytotoxicity correlates with increased degradation of HIF-1α and decreased expression of VEGF, via a peroxide-dependent manner. Since HIF-1α is a major transcription factor in the development of metastatic disease, therapies specifically designed to inhibit the mechanisms that drive metastases would be another benefit of P-AscH − in treatment of malignancies. Many tumors rely on HIF-1α to mediate adaptation to a relatively hypoxic environment, and tumors that can produce HIF-1α in abundance are particularly malignant. Our current study demonstrates that in a hypoxic environment, P-AscH − acts as a pro-drug for the production of H 2 O 2 to cytotoxic levels, and that this correlates with increases in the degradation of HIF-1α in a dose-dependent manner. When the H 2 O 2 , produced by the two-electron reduction of O 2 , mediated by P-AscH − , is degraded by supplementation with intracellular or extracellular catalase, the effects on HIF-1α and cell cytotoxicity are reversed. Downstream from HIF-1α, VEGF is inhibited in a similar dose-dependent manner. The slowed tumor growth and inhibition of VEGF production translates to our in vivo xenograft mouse model as well. These results are consistent with the studies of Campbell et al. who demonstrated that expression of HIF-1α and its target proteins were down-regulated with P-AscH − . In addition, elevated tumor ascorbate levels could be maintained with daily administration of P-AscH − resulting in reduction of both HIF-1α and VEGF protein levels. P-AscH − slowed tumor growth and also reduced tumor microvessel density [45] .
Lastly, while HIF-1α degradation correlates strongly with clonogenic cell death, our present study demonstrates that both pharmacologic and genetic inhibition of HIF-1α is not essential for sensitivity to P-AscH − . Previous studies have demonstrated increased malignant features of tumors expressing high levels of HIF-1α, and the suppression of these features with selective inhibition of HIF-1α with natural degradation pathways that bypass the more common PHD-2/VHL pathways [46] . In agreement with these studies, here we show the decreased clonogenic survival in vitro and tumor growth in vivo correlate with HIF-1α suppression. Also, in tandem with these studies, we show a pathway of increased degradation that appears to be independent of the PHD-2 pathway of proline hydroxylation marking HIF-1α for degradation.
The increased oxidative stress placed on cells by the production of abundant H 2 O 2 and its byproducts, including hydroxyl radical, could potentially inhibit PHD-2 by oxidation of the iron moiety or essential thiol groups and subsequent increase in HIF-1α [47, 48] . Indeed, past studies have shown induction of HIF-1α by reactive oxygen species can be reversed by N-acetylcysteine [49] . In contrast, we've shown here that the oxidative stress induced by the production of H 2 O 2 , mediated by P-AscH − , results in increased degradation of HIF-1α independent of the function of prolyl hydroxylase. The disparity between this study, and those that precede it, are likely explained by the relatively large fluxes of H 2 O 2 produced by P-AscH − compared to the low levels of oxidant stress produced in prior studies [50] . While HIF-1α is a major response factor to hypoxia for cancer cells, the overlap in response by other transcription factors likely explains the ability of these cells to continue to survive in hypoxia [51] . Previously published reports have shown decreased sensitivity to P-AscH − when HIF-1α is inhibited, suggesting that HIF-1α is necessary for P-AscH − -induced decreases in cell survival [20] . These studies modulated , b.i.d.) compared to mice receiving saline (control). Comparison of normalized mean tumor size at 14 days demonstrates significantly decreased growth of control mice and P-AscH − -treated mice (1.5-fold relative growth vs. 6.5-fold relative growth at 2 weeks, means ± SEM, n = 8, *p < 0.05). b Comparison of normalized mean tumor growth at 14 days demonstrated significantly decreased growth in P-AscH − treated mice compared to control mice in PANC-1 xenografts (3.7-fold relative growth vs. 9.1-fold relative growth at 2 weeks, means ± SEM, n = 8, *p < 0.05.). C. Representative VEGF immunohistochemistry (brown cytoplasmic staining) of MIA PaCa-2 tumor xenograft treated with saline (top panels) and P-AscH − (bottom panels). d Immunohistochemistry for VEGF. Sections were incubated with polyclonal rabbit anti-VEGF. VEGF stained slides were blindly evaluated by a board-certified veterinary pathologist (KGC) and graded using a semi-quantitative scoring system on a 0-3 scale. Twenty separate fields of view per slide were evaluated and analyzed. VEGF Semi-quantitative immunohistochemistry of all xenografts demonstrate significant decreased VEGF expression (n = 8, means ± SEM, *p < 0.01) in tumors of mice treated with P-AscH − ◂ HIF-1α pharmacologically, instead of treating the cells in a hypoxic environment, as they were performed to study pVHL-deficient cancers [20] . Our current study differs from Tian and colleagues as we demonstrated that treating cancer cells in hypoxia did not reverse P-AscH − -induced decreases in clonogenic survival when HIF-1α was inhibited pharmacologically or genetically.
Unlike the other isoforms of HIF [7] [8] [9] , clinically HIF-1α appears to be important in PDAC survival. Using immunohistochemical methods, Sun et al. demonstrated that HIF-1α in PDAC specimens has a strong association with prognosis and correlates with expression of vascular endothelial growth factor (VEGF) [2] . Hoffman et al. demonstrated that PDAC specimens with high HIF-1α expression were associated with decreased patient survival when compared to those with low HIF-1α expression [3] . They also revealed a positive correlation of HIF-1α with VEGF levels, lymph node metastasis, and tumor size. Similarly, Shibaji et al. demonstrated that in HIF-1α correlated positivity with metastatic status [4] . Buchler and colleagues demonstrated that in hypoxia, HIF-1α binds to the VEGF promoter with high specificity; this binding correlated with levels of VEGF [5] . Under hypoxic conditions cancer cells undergo the process of epithelial to mesenchymal transition (EMT) and acquire invasive and drug-resistant phenotypes [6] . Hypoxia or overexpression of HIF-1α promotes EMT in cancer. Molecular or pharmacologic inhibition of HIF-1α resulted in hypoxic cells regaining expression of E-cadherin, lost expression of N-cadherin, and attenuation of the invasive and drugresistant phenotype [4] . These results suggest that HIF-1α activation may be a specific target to reverse EMT in pancreatic cancer.
In conclusion, P-AscH − decreased hypoxic clonogenic survival, suppressed HIF-1α expression via increased degradation, and decreased VEGF expression transcription and secretion in a dose-dependent manner via a peroxide-mediated mechanism. P-AscH − -induced cytotoxicity was independent of HIF-1α status, while in vivo, P-AscH − inhibited tumor growth and VEGF expression. Thus, P-AscH − suppresses the levels of HIF-1α protein in hypoxic conditions through a post-translational mechanism providing a potential therapy specifically designed to inhibit the mechanisms that drive metastases as a part of PDAC treatment.
